It is important to forecast decreasing heat levels in order to stabilize the quality of pig iron in a blastfurnace. Kobe No. 3 B.F. is installed with 28 FM sensors-T (Doubly Sheathed Sensor with Multi Fine Thermocouples) which are located on the 4 locations at 7 levels from shaft to bosh of the furnace wall. These sensors can measure the temperatures in blast furnace with high accuracy. The temperatures measured by FM sensor-T are analyzed statistically in correlation with the pig iron temperature. Based on the analysis, a forecasting system far decreasing heat levels has been developed and applied to Kobe No. 3 B.F. Through an on-line test of this system, the successful forecasting rate for decreasing heat levels was raised to 86 %, and the alarm failure rate was 2 °/a . The present system can be used as a guidance system for furnace operators.
I. Introduction
To ensure high quality in pig iron, it is indispensable to predict the decreases in temperature that take place in a blast furnace, and to control the furnace temperature in order to maintain appropriate heat levels throughout the smelting process.
A number of technologies have been developed to improve the diagnosis of conditions in the blast furnace.l-6~ These, however, can not predict decreases in pig iron heat levels. To overcome this problem, we have developed a new technology which can predict heat levels. Our new technology is based on two factors; solution C loss and changes in the temperature of furnace inside wall which can be measured by our new sensors (FM sensor-T).7> Of the two, the latter factor seems more important, since changes in the wall temperature reflect changes in other furnace conditions such as peripheral gas flow or channeling caused by exfoliation of deposit material. These phenomena are the results of the build-up of wall deposits, variations in the ore/coke ratio at the periphery caused by nonuniform charge distribution or sudden changes in the blast conditions. These trigger an enhancement of the reaction, resulting in heat absorption at the lower level of blast furnace, an increase of heat radiation through the wall, and an increasing solution C loss, finally leading to a lowering of the pig iron temperature.
Therefore, it is possible to predict changes of heat level by using FM sensor's information which is more foresighted than changes of solution C loss.
In the following, the measuring of the inside wall temperature, the result of statistical analysis between the wall temperature and the heat level of the pig iron, construction of forecasting system, and application of this system are described.
II. The Sensors and Their Application
The sensor used in the Kobe No. 3 B.F, is known as FM sensor-T.7~
It consists of a sheathed tube containing multiple fine thermocouples in parallel alignment.
The thermocouples are individually sheathed as well, to prevent contact between them.
As shown in Fig. 1 , each thermocouple has a sensing point, but the sensing points of the several thermocouples in each sensor are located at different longitudinal position from those of the others in the same sensor. This gives each sensor several sensing points. Figure  2 shows the installation of the sensors on the blast furnace inside wall. The sensors are positioned at 4 circumferential points around the wall, at 7 different levels between the shaft and the bosh for each circumferential position. The sensors are inserted into the wall of the furnace so that they point forward the center. Initially they are inside the surface of the wall, but as the wall lining erodes, they are exposed so that the sensor and its centermost sensing point may also be eroded away.
When this happens, sensing point A ceases functioning and sens- 
ing point B takes over, C eventually replacing B; D replacing C, and so on (see Fig. 2 ). Thus the FM sensor-T can measure wall temperature continuously at its centermost active sensing point even if part of the sensor is eroded along with the wall lining. All the active sensing points function at all times of recording, so that a number of temperature data are recorded simultaneously by each sensor. Figure 3 shows the result on a graph, with the centermost active sensing point's measurements indicated by line 1 and the measurements of the sensing points behind it shown by lines 2 to 4. This figure shows how the measurements of the sensing points differ from each other. Line 1 sharply indicates all variations in the surface temperatures, even sudden brief shifts, while lines 2 to 4 record lower temperatures and less sharp variation. Thus the centermost sensing points monitor the temperature variation quite sensitively enough for the purpose of furnace operators. An important reason for the improvement is the use of 1 min as the sampling frequency. The one-an-hour frequency conventionally used in processing data in computers for blast furnaces is not frequent enough to detect many of the brief abrupt changes that take place and affect the blast furnace heat level.
III. Statistical Relations between the Temperature Variation at the Inside Wall and the Heat Level of the Pig Iron in Blast Furnace
To correlate the pig iron temperatures with the wall temperatures, three kinds of information were processed from the data collected by the brick thermometers previously set in the wall and FM sensorTs. There are; 1) the sum total of the temperature data recorded by the centermost 28 FM sensor-Ts (FM~T); 2) the FM~'T differences in 1 min (FMAT); and the brick temperature differences in 1 min (BR-4T). Here, " difference " is defined as the value remaining, when the recorded temperature at the last sampling time is subtracted from that recorded at running time. Both types of data, the wall temperatures and pig iron temperatures are formulated by interpolation and extrapolation so that the data can be utilized for analysis once 1 h. These, then, are the formulated values necessary for the correlation analysis. Figure 4 shows the result of correlation analysis. Though most of the analysis showed no definite correlation, the FM4T showed a clear (negative) correlation after a six-hour-delay. This result shows the decrease in heat level of the pig iron can be predicted by means of an earlier tap, by using the FM sensor's difference value (FMAT). As mentioned in Introduction, the temperature variations on the inside wall of the blast furnace seems to arise from channeling, wall deposit exfoliation, excess peripheral gas flow. These phenomena are the result of conditional changes such as wall deposits, variation of the ore/coke ratio at the periphery caused by nonuniform charge distribution, or sudden changes in the blast conditions. These phenomena are accompanied by an enhancement of the reaction which leads to heat absorption at the lower level of the blast furnace, an increase of heat radiation through the wall, an increase of solution C loss, and finally a lowering of the pig iron temperature (of Fig. 5) .
The solution C loss and the N2 content in the furnace top gas are also conventionally used as heat level indices. A statistical method similar to the one used for blast furnace wall temperature is used to calculate the correlations between these indices and pig iron temperatures.
In fact, both solution C loss and N2 content demonstrate a clear correlation with only a five-hour-delay (see Fig. 6 ). This suggests that the best reliability of prediction would be obtained through a combination of these conventional heat level indices with the FM4T.
Iv. Development of a Method for Predicting Decreases in Pig Iron Heat Levels
Discovering the Logic for Combining Prediction Indices
In order to find a logic appropriate for correlating the combined indices, several logics were tested on an off-line analysis. The result are shown in Table 1 . Each valve is checked to see whether or not it exceeds the threshold level. During the period of analysis, decreases in heat levels occurred 19 times. A combination of the conventional indices shows a predictive success rate of 52.6 to 73.7 % (the percentage of taps leading to successful prediction among all taps made in response to alarms) and a 16.6 to 22.2 % failure rate (the rate of times of failure prediction for times of alarm).
In contrast, when the conventional indices of solution C loss and N2 content were combined with tem- 
perature variation measured by the FM sensors, a success rate of 73.3 to 89.5 % and a failure rate of 12.5 to 26.1 % were achieved. That is, the combination led to higher accurracy in prediction of heat level decreases, with maximum forecasting success and minimum failure rates.
Construction of an On-line System for Forecasting Heat Level Decreases
Once the logic is established for combining the indices and expressing the cause-result relationship between the indices and the heat level decreases, a computerized on-line system can be developed by which all the recorded data for temperature, solution C loss and N2 content are input into computer and processed by the moving average method so that meaning less noises are removed. Figure 7 shows an on-line method for signaling decreases in heat levels. There are two conditions for which an alarm is signaled. One occurs at a certain time after FMAT exceeds its threshold, and solution C loss or N2 exceeds its threshold. The other occurs when solution C loss exceed the threshold. This condition intended to detect heat level decreases caused by the variation in the quality of the raw material being used. Figure 8 shows the construction of the on-line system, which consists of a personal computer, a flexible disk unit, an MST device and a printer. The personal computer takes the temperature information from the FM sensors and various data from the process computer through a scanner, processes these data, compares the processed data with the thresholds and prints out an alarm including a report on the details of the alarm. The M/T device is connected to the personal computer for off-line analysis.
Application of the System in a Field Test
For some time (98 days, including 784 taps), an on-line system for forecasting decreasing heat levels was in operation at the Kobe No. 3 B.F. Figure 9 shows an example of its output in forecasting heat level decreases. In this example, a temperature change detected by the FM sensors firstly after which solution C loss and N2 content exceeded the thresholds. At that period an alarm sounded. After a subsequent time interval, the heat level of the pig iron lowered. Table 2 shows the rate of forecast in heat level decreases. Successful alarms in this case can be defined as occasions on which the alarm sounded in the taps preceding the decrease of heat level in a tap. With a target pig iron temperature of 1495°C, heat level decreases are defined in two stages. The total success rate is 60 %, while the success rate for the larger decrease in heat levels (below 1 470°C) is 67 %. Table 3 shows the percentage of successful predictions among a total of 41 alarms. The five " indistinct " cases refer to the instances when the heat level did not actually decrease by effect of an action after an alarm. The time delay between the heat level decreases, and the effect of action is 2 to 3 h. Among the 41 alarms, in 34 cases the prediction was successful, and in 2 cases the predictions proved to be false. This means a success rate of 83 % and a failure rate of 5 %.
Since May 1987, an advanced logic system has been tested in field to obtain higher accuracy for the on-line system. In this advanced system, several thresholds are set for the FM sensor-T, solution C loss and N2 content. The scores are assigned in accordance with the exceeded threshold levels for each factor, and the total score is calculated by adding all the 
Transactions ISIJ, Vol. 28, 1988 scores. If the total score is larger than the predetermined value, then an alarm is sounded. This system has two kinds of alarms; one is a serious, the other is a non-serious alarm with the total score determining whether the alarm is serious or not. In addition, for each operating condition, these thresholds are automatically adjusted to an appropriate value for each operating condition. With this advanced system, the failure rate for forecasting decreasing heat levels is 2 %, and the success rate is 86 %. Figure  10 shows an example of a control action in response to an alarm, where the control action could stabilize the heat level of the next tap. In Kobe No. 3 B.F., the application of this system brought about an increase in actions taken before the decreases in heat level took place. Figure 11 shows the change in the percentage of decreases in heat level. As shown on the right, in the figure when this system was applied the number of decreasing heat level taps was remarkably reduced. At Kobe No. 3 B.F., this forecasting system has been operated successfully and utilized to stabilize heat levels. A quantitative prediction function was added to this system. This function can predict the average pig iron temperature of the next tap for the whole tapping operation. This function was realized by ARMA (Auto Regressive Moving Average) method. The ARMA method uses the average temperatures of pig iron for the whole tapping operation (Ypig) in past taps and the value of solution C loss over the last one hour. The average temperature of pig iron is predicted at the tap end of the previous tap. Figure 12 shows the result of prediction by the ARMA method. In this example, two prediction methods are compared. The upper side of the figure represents the result of prediction by a model which uses the maximum value of solution C loss in a past period, while the lower side uses the average value of solution C loss. In this example, both n (AR order) and m (MA order) are unity. Only a method which uses the maximum values can predict the average temperature of the decreasing heat level taps. In the future, by adding a quantitative forcasting function to the alarm system, a system to control the heat level of a blast furnace will be developed.
V. Conclusions
(1) The relations between the heat level of a blast furnace and the wall temperature as measured by an FM sensor-T were analyzed. The temperature information obtained by the FM sensor-T proved to be useful for forecasting decreases in heat levels as well as conventional heat level indices which are represented by solution C loss or N2 content. 
(2) An on-line system for forecasting decreasing heat levels with the FM sensor-T was constructed and applied to Kobe No. 3 B. F. When the system was applied the failure rate for alarm was 5 % and the success forecasting rate for the decreasing heat levels was 60 %.
(3) An advanced system with several levels of thresholds and a threshold refining function was constructed and on-line tested. This system resulted in a reduction in the rate of failure to 2 % and an increase in the rate of successful forecasting to 86 %. It has been determined that the ARMA method, which uses the maximum values for solution C loss in a past period, can predict quantitatively the pig iron temperature of a decreasing heat level tap. The application of this method is expected to improve the heat level control system. 
